Abstract. Polar-orbiting weather satellite platforms generally include an imager and a sounder. With a data fusion method that uses these sensors, we demonstrate the ability to construct infrared (IR) absorption narrowband radiances at imager resolution. While a sensor such as MODIS has multiple IR absorption bands, the current visible infrared imaging radiometer suite (VIIRS) imager has only IR window bands. We show fusion results for IR radiances at 4.52 μm (CO 2 ), 6.72 μm (H 2 O), and 13.94 μm (CO 2 ) by comparing MODIS observed and constructed radiances for these bands. Both regional and global results are analyzed, with radiance differences tending to be fairly low and unbiased. Similar bands are constructed from VIIRS and CrIS data, with regional and global results shown. With this approach, it will be possible to improve continuity in derived cloud products over the generations of polar-orbiting weather satellite sensors and continue applications that require IR absorption bands. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Polar-orbiting weather satellite platforms generally include both a high spatial resolution imager, with pixel spatial resolution on the order of 1 km, and a high spectral resolution (or hyperspectral) infrared (IR) sounder, with fields of view (FOVs) of about 14 km. The imagers are designed to take measurements for a limited set of narrow wavelength bands at visible through IR wavelengths. The imager data are used, for example, to develop operational aerosol and cloud properties. The sounder measurements are generally used to infer profiles at high vertical resolution of temperature, water vapor (H 2 O), and ozone (O 3 ), and also to infer surface, trace gas, and cloud properties. Hyperspectral sounders cover a spectral range from ∼3.6 to 15.5 μm (Fig. 1) . As it will be shown in the following discussion, there are differences in the satellite imager/sounder measurements across platforms. Some imagers lack absorbing IR bands that are necessary to obtain accurate products such as total column precipitable H 2 O and cloud properties (e.g., cloud-top height and thermodynamic cloud phase). The objective of our effort is to develop a data fusion methodology based on imager-sounder pairs to construct the missing IR absorption bands, which then can enable the derivation of more consistent atmospheric products.
The moderate-resolution imaging spectroradiometer (MODIS) makes measurements at 1 km (or better) spatial resolution in bands usually attributed to both imagers and sounders. The MODIS IR bands were selected to match those of the 20-channel high-resolution infrared radiometer sounder (HIRS). With the first launch of MODIS on the NASA Terra platform in December 1999 and subsequently on the NASA Aqua platform in May 2002, measurements have been obtained for 36 bands ranging from 0.4 to 14.2 μm. A major advantage afforded by the MODIS sensors is that they provide measurements at high spatial resolution in both the IR H 2 O (at 6.7 μm) and carbon dioxide-(CO 2 ) (15 μm) sensitive bands. The IR MODIS bands are listed in Table 1 and the MODIS spectral response functions (SRF) for bands 23 to 36 (excluding band 26, which is at 1.38 μm) are shown in Fig. 1(a) . While the Terra platform did not include a separate sounder, the Aqua platform included a hyperspectral sounder called the atmospheric infrared sounder (AIRS).
The current generation polar-orbiting imager is the visible infrared imaging radiometer suite (VIIRS). The companion sounder is called the cross-track interferometer sounder (CrIS). VIIRS has several major improvements when compared to the earlier imagers (e.g., better signal-tonoise characteristics, higher spatial resolution, oversampling so that the spatial resolution stays fairly constant across the scan). However, VIIRS does not have any spectral bands sensitive to CO 2 , H 2 O, or O 3 in the atmosphere; VIIRS has only IR window bands at 8.5, 11, and 12 μm ( Table 1) . The VIIRS SRFs for these bands are superimposed over a sample CrIS spectrum in Fig. 1(b) . Without a single IR CO 2 -or H 2 O-sensitive band, the MODIS-like cloud-top height/ pressure/temperature and IR thermodynamic phase algorithms cannot be transitioned to VIIRS because of a fundamental loss of information. 1 Heidinger et al. 1 employed an optimal estimation approach using IR channels to infer cloud-top height. This study clearly showed that supplementing the IR window bands with just a single sounding band located at 13.3 μm improved the analysis of optically thin ice clouds over that from use of only IR window bands.
The same fusion approach can be applied to any other satellite-based imager/sounder pair, for example, advanced very high-resolution radiometer (AVHRR) and HIRS. AVHRR, which has only three IR window bands, has been the imager on the NOAA polar-orbiting platforms since 1978. The construction of additional bands for AVHRR based on HIRS would support climate studies by creating decadal sets of various parameters in a consistent fashion that are based on the same information content. AVHRR can also be paired with infrared atmospheric sounding interferometer (IASI), the hyperspectral sounding instrument on the European Metop-satellites.
2 IASI provides a continuous spectrum (i.e., without any gaps) in the same IR range as AIRS and CrIS.
The basis of our approach is presented in Ref. 3 , where a 13.3-μm band is constructed from the fusion of MODIS plus AIRS on Aqua and VIIRS plus CrIS on the Suomi-National Polarorbiting Partnership platform. In their approach, a high spatial resolution 13.3-μm CO 2 band is constructed for MODIS at 1-km spatial resolution by combining the high spatial resolution MODIS IR window data at 11 and 12 μm (the so-called split-window bands) with lower spatial resolution 13.3-μm data derived from AIRS. The atmospheric contribution from CO 2 is uniform enough so AIRS measurements for a larger FOV can be combined with the MODIS IR window measurements to create a 13.3-μm measurement at 1-km spatial resolution.
In this study, we explore the possibility of providing other IR bands as well. We demonstrate that MODIS band 25 (4.5 μm), band 27 (6.7 μm), and band 35 (13.9 μm) can be constructed by combining MODIS and AIRS, and VIIRS and CrIS data. While MODIS already has these spectral IR channels of interest (Table 1) , it serves as an invaluable platform for testing the data fusion methodology for multiple IR wavelengths and describing the uncertainty in the newly constructed radiances.
After describing the satellite platforms and their imager/sounder payloads, we will give a brief summary of the data fusion methodology in Sec. 2. Results are shown and discussed in Sec. 3, which include comparisons between measured and constructed MODIS radiances, both for a granule and for a day of global data. Also shown in Sec. 3 are results from VIIRS + CRIS, again for a selected granule as well as on a global scale. Section 4 summarizes the study and suggests future work. Weisz, Baum, and Menzel: Fusion of satellite-based imager and sounder data to construct. . .
Satellite Payload and Fusion Methodology

Satellites and Instruments
Aqua platform: MODIS and AIRS
The MODIS sensor is a 36-band whiskbroom scanning radiometer on the NASA Terra and Aqua platforms. 4 The Terra platform is in a daytime descending orbit with an equatorial crossing of 1030 local solar time (LST). The Aqua platform maintains an altitude of 705 km and is in a daytime ascending orbit at 1330 LST. For more specifications, see Table 2 . The MODIS collection 6 (C6) cloud products 5 incorporate a number of both calibration and retrieval methodology improvements for the inference of cloud-top temperature and pressure and the discrimination of cloud thermodynamic phase using IR bands. The cloud-top parameters (height, pressure, temperature, and IR phase) are provided at 1-and 5-km spatial resolutions.
The AIRS 6,7 on the Aqua satellite is a high spectral resolution (wavenumber to resolution ratio of 1200) grating spectrometer with 2378 spectral channels in the wavelength regions of 3.7 to 4.61 μm, 6.2 to 8.22 μm, and 8.8 to 15.4 μm [a sample spectrum is shown in Fig. 1(a) ]. AIRS radiances enable the derivation of vertical profiles of atmospheric temperature and H 2 O from the earth's surface to the top of the atmosphere (TOA) with a horizontal resolution of 13.5 km at nadir.
Suomi-NPP platform: VIIRS and CrIS
The main features of VIIRS and CrIS are listed in Table 2 . The Suomi-NPP platform launched on October 28, 2011 maintains an altitude of 824 km and has an equatorial crossing of 1330 UTC. The VIIRS sensor 8 is a 22-band scanning radiometer that has 16 bands at 750-m resolution (medium resolution or M bands), 5 bands at 375-m resolution (imaging bands or I bands), and a day/night band. Only the M bands are used for this study ( Table 1) .
The companion sounder to VIIRS, CrIS, 9 is a Fourier transform spectrometer that provides measurements for 1305 spectral channels over three wavelength ranges [ Fig. 1 (b)]: LWIR (9.14 to 15.38 μm); MWIR (5.71 to 8.26 μm); and SWIR (3.92 to 4.64 μm). CrIS scans a 2200-km swath width, with 30 Earth-scene views, each consisting of nine FOVs, arranged in a 3 × 3 array of 14-km-diameter spots (nadir spatial resolution). A primary purpose for CrIS is the determination of high-resolution, three-dimensional temperature, pressure, and moisture profiles.
Data Fusion
The construction of high spatial resolution IR narrowband radiances is briefly described in this section; further details are provided in Ref. 3 . The method consists of two steps: (1) performing a nearest neighbor search using the k-d tree algorithm on both high spatial and low spatial resolution split-window imager radiances, and (2) averaging the convolved sounder radiances (at low spatial resolution) for the nearest neighbors selected in (1) of for each imager pixel. These two steps are shown in Figs. 2(a) and 2(b).
To reduce confusion between the imager and sounder spatial resolution, we use "pixel" for the imager and "FOV" for the sounder. Figure 2(a) shows the methodology of the first step, the k-d tree search, which finds the N sounder FOVs that best match each imager pixel. For the results shown here, N is set to 5. The k-d tree algorithm 3,10-12 is used to provide the closest matching FOVs in the training data set (here, low spatial resolution imager data) to each pixel in a query data set (here, high spatial resolution imager data). Specifically, the inputs to the k-d tree are the splitwindow 11 and 12 μm imager radiances at both the pixel and FOV spatial resolution; for the latter, the imager radiances, geographically collocated to each sounder FOV, have been averaged. The corresponding imager and sounder latitude and longitude values are used as additional predictors. The k-d tree input data has therefore npix (number of pixels in an imager granule) and four predictors (two bands of radiances, as well as latitudes and longitudes). It should be emphasized that the k-d tree search is solely based on imager radiances (at the pixel resolution and averaged over the FOV resolution) and not on sounder radiance information. To be clear, only the split-window bands, i.e., MODIS bands 31 and 32 and VIIRS bands M15 and M16, are used in the k-d tree application to a granule. The outcome of the first step is a matrix of dimension npix × N containing the indices of the N sounder FOVs that are closest in space and best match the measured imager IR radiances.
For the second step [ Fig. 2(b) ], sounder radiances for each FOV are convolved with the SRF for the band to be constructed at imager pixel resolution. Thus, high spectral resolution sounder radiances are reduced to match narrowband (i.e., imager-like) radiances while retaining the sounder spatial resolution. The mean of the convolved radiances for the N neighbors (associated with the indices found in the first step) is computed. This process is repeated for every imager pixel in the granule. Figures 3(a) -3(c) shows how close the selected sounder FOVs (in blue) are located to three selected imager pixels (in red) in a MODIS granule, and Fig. 3(d) shows the average distance between each imager pixel and the five sounder FOVs for an entire granule. Note that within the scan boundary of the sounder, which is always less than that of the imager, the average distance is quite low. As expected the distance increases outside of the sounder scan limit, which provides an indication of the expected constructed radiance quality as will be discussed in the next section.
3 Imager/Sounder Fusion Results
MODIS and AIRS Results
Any MODIS IR band can be reconstructed using the fusion methodology as outlined in the previous section, assuming that the sounder has the necessary information content. Our goal is to determine the degree to which MODIS-like absorption band radiances can be constructed for the VIIRS sensor. For evaluation, the Aqua MODIS SRFs for three bands are applied to the sounder radiances: band 25 (4.52 μm), band 27 (6.72 μm), and band 35 (13.94 μm). As outlined above and in Fig. 2 , the mean of the convolved sounder radiances for five neighbors is computed and reported for each imager pixel resulting in a synthesized imager band at the imager's high spatial resolution. Figure 4 shows MODIS radiances for bands 31 and 32 (i.e., the bands used in the k-d tree search), whereas Fig. 5 shows the AIRS radiances convolved with the Aqua MODIS SRFs for MODIS bands 25, 27, and 35 (i.e., bands to be constructed). This case describes a 5-min MODIS granule, acquired at 1435 UTC on April 17, 2015, located off the coast of Morocco and Portugal, and the collocated AIRS granules 145 and 146. The outlines of the MODIS granule are shown in Fig. 5 to illustrate the differences in imager and sounder swath widths. To create the new fusion bands 25, 27, and 35, the radiance shown in Fig. 5 is averaged for the five neighbors, found by applying a k-d tree search on the radiance and geolocation values shown in Fig. 4 . The fusion results, as well as the original observed MODIS radiance and the differences of "observed minus fusion" radiance for the three bands are shown in Fig. 6 . The corresponding means and root mean square errors (in radiance and brightness temperature units) of the differences for the full granule as well as the smaller region within the sounder swath are given in Table 3 .
As seen in Fig. 6 and Table 3 , the differences are largest at the edge of the granule, where fewer sounder FOVs are available in close vicinity [as shown in Fig. 3(a) ]. As the scan angle increases, the amount of the atmosphere observed by the sensor increases, leading to an increase in atmospheric absorption and hence lower radiances. This is generally described as "limb darkening." Since the sounder granule does not entirely cover the imager swath due to its smaller swath width, the fusion process will not correctly reproduce the atmospheric absorption and may also not completely capture cloud features. At high scan angles, the differences between observed and constructed radiances tend to be larger than within the area encompassed by the both the sounder and imager. For example, it is most evident for band 27 [ Fig. 6(b) ] in the northwestern corner of the granule; the fusion radiance is too low since sounder FOVs from farther away are used and the differences exceed 0.3 radiance units. Larger differences also occur when the coarser sounder spatial resolution is not able to capture small-scale radiance features (e.g., surface emissivity changes, cloud edges, and strong H 2 O gradients).
Overall, the constructed bands 25 and 35 (or band 33 as shown in Ref.
2) yield smaller errors than band 27, a H 2 O-sensitive channel. Bands 25 and 35 are both CO 2 -sensitive bands with weighting functions that peak in the lower-to mid-troposphere. CO 2 is considered a fairly well-mixed gas. Band 27 senses a spectral region sensitive to H 2 O, which is not well mixed and indeed displays variability with height, and therefore provides different information (evident in Fig. 5 ) than the CO 2 bands. Nevertheless, the fusion method seems to work reasonably well even for the more challenging water bands.
VIIRS and CrIS Results
VIIRS does not have any of the IR bands sensitive to atmospheric molecular absorption to support some applications such as determining accurate cloud-top heights and cloud phase. In the following, we show high spatial resolution IR absorption bands constructed using CrIS radiance information. VIIRS bands 15 and 16 (Table 1 ) of high and low spatial resolutions are used in the k-d tree search. The radiance for these bands is shown in Fig. 7 , for the same day and region as the MODIS granule (Figs. 3-6 ). Two 6-min granules are shown, namely those with measurement start times at 1436 and 1442 UTC.
From the k-d tree search, we obtain the indices of the five FOVs that are nearest in radiance and geolocation values. These indices are then applied to CrIS radiances convolved with the SRFs for MODIS bands 25, 27, and 35. The convolved CrIS radiances (at 14-km spatial resolution) are shown in the left column in Fig. 8 , whereas the final VIIRS fusion radiance results at 750-m spatial resolution are shown in the middle column of Fig. 8 . These results compare very well with the actual MODIS measurements, which are shown in the right column of Fig. 8 (also Fig. 6 on the left). Overall, the atmospheric H 2 O and cloud characteristics are reproduced closely in the fusion radiances. Again, the fusion results for band 27 [ Fig. 8(b) ] show more inaccuracies, because H 2 O-sensitive channels sense different tropospheric regions than split-window channels. Also, small-scale and narrow spatial features in moisture (e.g., dry slots and cloud edges), which are not captured by the sounder due to its large spatial resolution, are more problematic for the fusion process. Furthermore, the results at the edge of the imager granule (i.e., outside the sounder swath) should be used with caution since they tend to be less accurate.
Global Fusion Results
The data fusion technique described above is fast and efficient; thus, it can be applied to large sets of data including data on scales appropriate for climate research. Global daytime fusion results are shown for one day (April 17, 2015) in Figs. 9-11. For each band, the MODIS observations, the MODIS "observed minus fusion" radiance differences, and the VIIRS fusion radiances are presented. The MODIS and VIIRS swaths have been limited to sensor zenith angles of 57 deg and 60 deg, respectively, which roughly correspond to the limits of the sounder swath. Overall, the MODIS differences for all bands are very small and display little bias. Note that there are no step changes when crossing land/ocean or snow/ice/ocean boundaries. When there are cloud∕H 2 O boundaries or regions with broken clouds or varying H 2 O, there tends to be more variance in the radiance differences. Radiance differences are very low for large-scale features in both clouds and H 2 O. The largest radiances differences can be found for the H 2 O band. Nevertheless, the high spatial detail of H 2 O and the cloud features notable in the MODIS observations (top of Figs. 9-11) is correctly reproduced by the VIIRS fusion radiance (bottom panels). To summarize, the data fusion approach is shown to provide reasonable construction of IR absorption bands with low overall biases but that may have higher "noise" regionally. Unlike the MODIS instrument, the current generation imager VIIRS onboard Suomi-NPP does not provide measurements in the CO 2 , H 2 O, and O 3 absorption bands. But these observations are needed to accurately derive parameters such as H 2 O amount and cloud properties used in many applications including weather prediction, environmental monitoring, and climate trend research. In this study, we describe an imager/sounder data fusion technique to construct the MODIS-like IR absorption bands for VIIRS at high spatial resolution with the help of CrIS. The first step of the technique is a nearest neighbor search using the k-d tree algorithm on split-window (i.e., 11 and 12 μm) imager radiances, which are given at high as well as at low spatial resolution (obtained by averaging all imager pixels within each sounder FOV). For each imager pixel, five sounder FOVs are identified as being the best match in radiance and location. In the second step, the sounder radiances, convolved using the desired SRFs for the imager band to be constructed, are averaged for the five FOVs for each imager pixel and these averages represent the new fusion radiances. Any MODIS band can be reconstructed for which the sounder contains radiance data; here, we present results for MODIS bands 25, 27, and 35 (centered at 4.5, 6.7, and 13.9 μm, respectively) to demonstrate shortwave, midwave, and longwave IR versatility as well as CO 2 and H 2 O applicability. But in fact, the same approach could be applied to construct different IR absorption bands if so desired.
We present local and global results of the MODIS fusion reconstructed radiances and their differences to the actual observations. The differences are largest at the edge of the imager granule, since the sounder swath width is smaller than that of the imager. One of the primary deficiencies outside the sounder swath is that we have not corrected for the additional atmospheric absorption caused by the increased path length. By not correcting for the increased atmospheric absorption, the constructed radiances will be higher, and the "observed minus fusion" radiance differences with then be biased low. However, the differences within the sounder swath are small, and large-scale features are captured. Radiance differences tend to increase in regions of broken cloud or cloud edges. We also present VIIRS/CrIS fusion results and find good agreement between VIIRS fusion radiance and collocated in space and close in time MODIS radiance measurements.
The ability to estimate high spatial resolution radiances for any existing or newly desired IR absorption band from imager/sounder pairs offers new opportunities for retrieving accurate atmospheric and surface products and for studying their impact on operational and research applications.
In particular, the fusion results can also be used to supplement cloud products based on Suomi-NPP platform sensors. Ongoing work includes merging AVHRR and HIRS, as well as AVHRR and IASI. The former imager/sounder pair would allow supplementing the MODIS (on Terra and Aqua) cloud record with the NOAA cloud record. Fusing AVHRR with IASI (on Metop-A and Metop-B) will enable the extension of the MODIS record once Terra is no longer operational. An imager/sounder combination on different platforms (i.e., geostationary imager and polar-orbiting sounder) would also be worth investigating.
Another important task is to evaluate retrieval products (e.g., cloud and trace gas properties) derived from the imager/sounder fusion radiance estimates. Preliminary results confirm that the fusion estimates facilitate the retrieval of high-quality products of cloud-top pressure and IR thermodynamic phase. VIIRS/CrIS fusion products will therefore enable continuity of cloud records from the Terra and Aqua sensors. Further products to be investigated include tracking water vapor features to infer polar winds and detecting sulfur dioxide to locate volcano plumes.
Another topic for near-future investigation is the application of the fusion technique directly to hyperspectral retrieval products (instead to the convolved sounder radiance). For example, total precipitable water retrieved from hyperspectral sounder (AIRS, IASI, and CrIS) measurements could be provided at the imager's (MODIS, AVHRR, and VIIRS) high spatial resolution.
The implications for the design and spectral selection of future imager/sounder pairs on research and operational instruments remain to be determined, but it is very likely that these fusion results can influence the development of future weather satellite platforms. The pending studies suggested above will help to answer the broader implications of fusion enhancement of imager spectral coverage.
